A lamination technique for joining ceramic green tapes fabricated from aqueous ceramic slurries via tape casting process is investigated. Monolithic pieces with varying compositions within the Al 2 O 3 / t-ZrO 2 system were fabricated by gluing the constituent tapes and pressing at room temperature. The quality of the interfaces between the different tapes in sintered specimens was evaluated by means of the fracture behavior of the pieces during the ball on three balls test. Different fracture patterns were found as a function of pressure and the characteristics of the tapes. Large scale interface defects led to delamination during fracture whereas no critical defects could be observed in the smooth fracture surfaces. Small scale interface defects were revealed by fracture.
Introduction
A new lamination technique for joining ceramic green tapes fabricated from aqueous ceramic slurries via tape casting process is being investigated. The stacking of the tapes is performed by applying a gluing agent at the interfaces and pressing at room temperature and low pressure levels. Three different compositions within the Al 2 O 3 / t-ZrO 2 system are being investigated. Optimum pressures between 10 and 18 MPa were established, depending on the specific system considered. In the specimens fabricated using these pressures, the only defects observed at the interfaces were within the scale of the microstructure of the materials, as detected by scanning electron microscopy on polished cross sections. Moreover, the green density of these pieces was coincident with that of the constituent single tapes [1, 2] . The objective of this work was to carry out further analysis of the interface quality by performing ball on three balls (B3B) tests, as any processing defect will be better revealed under a biaxial stress distribution. The B3B-test was chosen due to the possibility of performing it on "as sintered" disc shaped samples and because, in principle, low scale delaminations or other type of defects present at the edge of the tested samples will not affect fracture starting from the concentrated maximum tensile stresses in the centre of the discs [3, 4] .
Experimental
Processing. Detailed processing parameters are described elsewhere [1] . High purity commercial α-Al 2 O 3 (Condea HPA 0.5, USA) and t-ZrO 2 (TZ3YS, TOSOH, Japan) powders, a polyelectrolyte (Dolapix CE 64, Zschimmer & Schwarz, Germany) and deionised water as dispersing media were used to prepare the ceramic suspensions. A water-based polymeric emulsion Mowilith DM 765 E (Celanese, Spain) was used as binder. Three different compositions were investigated: 95 vol.% α-Al 2 O 3 and 5 vol.% t-ZrO 2 (A-5YTZP), 60 vol.% α-Al 2 O 3 and 40 vol.% t-ZrO 2 (A-40YTZP) and 100 vol.% t-ZrO 2 (YTZP). The tape casting was performed on stationary polypropylene film using a moving tape casting device with two doctor blades. The final casting parameters were 10 mm/s casting velocity and 500 µm gap height between the blades and the carrier film. After drying, the final geometry was performed by punching out a round shape from the tape (diameter ∅ 24 mm). The final thickness of the obtained dry tapes varied between 460-500 µm. Every specimen was built up using seven tapes with the same composition. Before pressing, the specimens were formed by stacking the tapes and applying the gluing agent in the interface. The pressing experiments were carried out using a universal testing machine (Microtest SA, Spain) with steel compression plates covered with polypropylene film, to avoid the friction between the specimens and the plates. The load was applied at room temperature using a load frame displacement rate of 0.05 mm/min. Maximum pressures of 3, 8, 10, 15 and 18 MPa were used. Three specimens were processed for each of the pressures for all the compositions. The binder burn out was carried out with a heating rate of 1 °C/min up to 600 °C, followed by a dwell time of 30 min. Subsequent sintering was carried out by increasing the temperature with a heating rate of 5 °C/min up to the sintering temperature (1550 °C) with a dwell time of 2 h.
Ball on 3 Balls Test.
The biaxial test was performed on "as sintered" samples without previous machining. An universal Zwick Z010 machine was utilized to carry out the tests at a crosshead displacement rate of 0.5 mm/min. After sintering, the specimens were about 20-21 mm in diameter and 2.8-3.3 mm in thickness, depending on the composition. Two different guides, 20.3 and 21.2 mm in diameter, were used to correctly position the specimens on the test jig. The four steel balls used in the test were 15.1 mm diameter. Primary identification of the fracture modes was performed optically. Further analysis was done by scanning electron microscopy (Zeiss DSM-950, Germany).
Results and Discussion
Fracture morphology and defects. Different types of fractures were observed, as a function of fabrication pressure. For low pressures (Fig. 1 ) delamination during fracture occurred whereas for higher pressures, no delamination was observed (Fig. 2) . Most A-5YTZP pieces pressed at 5MPa did not present delaminations whereas A-40YTZP and YTZP did not change their failure modes up to 10 and 18MPa, respectively. This kind of fracture was due to the presence of macro defects at the interfaces within the whole cross section of the specimens, as those previously reported [1] .
In some specimens, failure occured at one support ball (Figs. 1a, 2a) , which is obviously linked to contact phenomena, and has not yet been reported for present experimental set-up. In principle, contact damage is expected to occur from the loading ball, since the force acting there is three times higher that at the support balls. However, the fractures starting from the zones of the samples under the support balls, demonstrates that the stress concentrations at those points are the highest; several facts may contribute to this kind of fracture. On one hand, contact failure at a support ball is more likely to take place if thick specimens are tested with "small" balls [4] and if one or all support balls are very close to the edge of the specimen. This can originate Hertzian contact stresses that, in combination with the overall biaxial bending stress distribution, leads to stress concentrations at the support balls which reach nearly the same magnitude as the maximum biaxial tensile stress in the centre of the tensile side, while tensile stresses under the loading ball are negligible [3] . The preferred location for contact failure is thus one of the three support balls. Moreover, the specific stress field near the support ball, with higher shear and compressive components than that at the centre of the disc, may favour delamination fracture. Last, lateral defects close to the edge are most probable formed in the specimens due to the pressing procedure, which implies the removal of any gluing agent excess through the edges of the discs. Even tough fracture origins could not be detected in the samples that showed delaminations, SEM investigation of the fracture surfaces revealed characteristic defects in different specimens. The increments in the processing pressure had the highest influence on the A-5YTZP. The pieces fabricated at 5 MPa (Fig. 3a) presented interface defects within the scale of ~200 µm, which were observed across the whole fracture surface, whereas the fracture surfaces of samples pressed at 10 MPa did not show this kind of defects. The fracture surfaces of A-40YTZP pieces pressed at 10 MPa showed large (~300-400 µm) linear low density zones, distributed across the whole fracture surface (Fig. 3b ) and these defects were not observed in the fracture surfaces of samples fabricated at 15 MPa. The above described observations of the fracture surfaces of the A-5YTZP and A-40YTZP samples revealed the same kind of tendency as that previously observed on polished cross sections of these samples [1, 2] : the decrease in both the number and size of defects as pressure increases, reaching defect sizes of the same order of characteristic microstructural defects (agglomerates of grains and pores, ~30-50 µm).
For the YTZP pieces, the fracture surface analysis revealed the presence of large interface union defects at all processing pressure levels investigated (Fig. 3c) . In the samples pressed at 18MPa, the small interface defects (~10 µm) aligned in the form of linear low density zones (Fig. 3d ) with a much larger dimension (~ 500 µm) were also revealed by the observation of the polished cross sections. Conversely fracture evidences the presence of large scale defects, such as the one observed in figure 3c , not detected previously by SEM [2] . . This indicates that there is a tendency that strength increases as the fabrication pressure increases. However, the number of valid experiments was so low that a more detailed interpretation of the data is impossible.
Conclusions and future work
The ball on three balls test is useful to detect interface defects not obvious by other microstructural analysis. Large scale interface defects led to delamination during fracture whereas no critical defects could be observed in the smooth fracture surfaces of samples that had only small scale interface defects. For future tests, a different testing geometry (i.e. a smaller ratio support radius/specimen radius or thinner specimens) should be chosen in order to avoid the frequent support ball contact failure. 
